Introduction
Long-chain compounds, found in membranes, liquid crystals, petrol, polyethylene and triacylglycerols (or fats, the main ingredient of margarine and chocolate), do not easily form crystals suitable for single-crystal X-ray analysis. The crystals are thin platelets or needles that are easily bent, and usually exhibit micro twinning. Long-chain compounds also tend to form many polymorphs, each of them possessing speci®c physical properties, and some technique to solve their structures is required. Powder diffraction is a good alternative, but a powder diffraction pattern contains much less information. Molecular modelling can hopefully provide enough additional data to solve these structures from powder data. It is not until after the crystal structures have been elucidated that calculations at the atomic level, regarding e.g. the relative stabilities of the various polymorphs, are possible.
The major part of long-chain compounds is made up of nalkyl chains and understanding the interactions between nalkane molecules is the basis for understanding the more complicated systems. In turn, it seems plausible to regard noctane as a computational-friendly model system for the interactions in n-alkanes in general. Hence, starting from the complex systems, much of the problem can be reduced to a thorough understanding of the crystal structure of n-octane. n-Octane (or sometimes n-hexane, the crystal structure of which is homologously isomorphous) has been used in the parameterizations or validations of most, if not all, force ®elds for organic molecules. During these computations, however, complications arose. While parameterising the MM3 force ®eld, Lii & Allinger (1989) noted systematic errors in the cell parameters of n-octane-type crystals upon energy minimization and speculated that these errors are caused by the anisotropy of the interactions. Dillen (1990) developed a force ®eld for which the absolute errors in the cell angles were between 0.0 and 0.7 , except for the angle of n-octane, for which the absolute error was 2.8 . Williams (1994) noted that the error in the orientation of the n-octane molecule was even worse, and suspected that this was caused by an inadequate description of the electrostatics. He improved this description by adding 12 off-atom sites, but the effect on the crystal structure was not as large as expected.
n-Octane itself being just a model system, we set out to explore the consequences of these errors for more relevant systems. Do they simply disappear, turning out to be an artefact of the chain being too short, or do they become worse? The most common alkyl chain lengths in biologically and industrially relevant systems are ÁC 16 H 33 and ÁC 18 H 37 , so it seemed natural to check the performance of force ®elds validated on the n-octane crystal structure when applied to nalkanes longer than 16 carbon atoms. We are not aware of any earlier attempts to do so. n-Alkanes crystallize in a different crystal structure when the chains are longer than 24 carbon atoms. To establish convincingly that current force ®elds are suitable for longer n-alkanes, this transition must also follow from the calculations. Hence, calculations were performed on n-C 20 H 42 because it is between n-C 16 H 34 and n-C 24 H 50 , and on n-C 36 H 74 because it is well above n-C 24 H 50 .
Two problems became apparent from force-®eld calculations on n-C 20 H 42 and n-C 36 H 74 . First, the geometrical discrepancies between the experimental and the energyminimized crystal structures of n-octane are even worse for n-C 20 H 42 . Second, the thermodynamic stability of the n-C 20 H 42type crystal structure with respect to the n-C 36 H 74 -type crystal structure observed experimentally is not reproduced computationally. We will address these problems by comparing three approaches: the properties as calculated with current force ®elds, molecular dynamics simulation with current force ®elds and the properties as calculated with a special-purpose force ®eld. Turner (1971) has reviewed the experimental crystal structures and phase behaviour of n-alkanes. Pure (>98%) n-alkanes with an even number of carbon atoms crystallize in either of two space groups. Crystals of n-C 6 H 14 through to n-C 22 H 46 are triclinic, space group P " 1, whereas n-C 30 H 62 and upwards crystallize in the monoclinic space group P2 1 /c. Both series are homologously isomorphous and will be denoted by T for triclinic and M for monoclinic. n-C 24 H 50 through to n-C 28 H 58 constitute a transition region and have been observed in both polymorphs. Interestingly, when both polymorphs are observed for the same compound, the T polymorph crystallizes at lower temperature, while the M polymorph crystallizes at higher temperature (Madsen & Boistelle, 1976) . The crystal structures of several members of the triclinic series have been solved, namely n-C 6 H 14 , n-C 8 H 18 (Norman & Mathisen, 1961a,b; Mathisen et al., 1967; Boese et al., 1999) , n-C 18 H 38 (Nyburg & Lu È th, 1972) , n-C 20 H 42 (Nyburg & Gerson, 1992) and n-C 24 H 50 (Nyburg & Gerson, 1992) . Only one member of the monoclinic series has been solved, namely n-C 36 H 74 (Shearer & Vand, 1956 ).
Experimental crystal structures and phase behaviour of n-alkanes
The main difference between the T and the M polymorph is the lateral arrangement of the molecules within a layer. The carbon atoms of an all-trans n-alkane molecule lie in a plane; in the T polymorph, all planes are parallel, while in the M polymorph, neighbouring planes are perpendicular ( Fig. 1) . Polyethylene, the ultimate long-chain compound without endgroups, is usually observed as the`M' polymorph (Kavesh & Schultz, 1970) , although the`T' polymorph has been observed as well.
The application of high pressure favours the T polymorph, even at chain lengths above n-C 30 H 62 (Turner, 1971) . This indicates that the T polymorph is the densest. The absolute values of the densities can be calculated directly from the crystal structure. The equivalence of the densities thus obtained to those obtained through more sophisticated methods has been established by Vand (1953) and Cole & Holmes (1960) . 1
Molecular modelling
Before molecular mechanics can be applied to a problem, it should ®rst be proved whether the calculations can reproduce the available experimental data. For n-alkanes, these are the data described in the previous section.
The most straightforward way of applying force ®elds is energy minimization. Temperature (thermal motion) does not play a role in these static calculations, and hence they represent the situation at 0 K. In force ®elds parameterized against experimental crystal data, the average effect of temperature on the structure is implicitly present, as crystal structures are usually determined at room temperature.
Current force fields
The obvious explanation for the T 3 M transition observed as a function of chain length is that at short chain lengths the end-groups dominate, while at longer chain lengths the in¯uence of the chain takes over. In other words, the end-groups favour the T polymorph, whereas the chains favour the M polymorph. Thermal vibration is negligible according to Mnyukh (1963) . If this were the case ± and as will be shown later, it is not ± the stability of the T versus M polymorph should be controlled by enthalpy only and calculations on static crystal structures optimized with a force ®eld should reproduce the experimental observations. Models for both the T and the M polymorph were built for all even n-alkanes from n-C 6 H 14 through to n-C 36 H 74 starting from the crystal structures of n-C 20 H 42 and n-C 36 H 74 and using the fact that the series of structures are homologously isomorphous (Nyburg & Potworowski, 1973) .
Several force ®elds, namely DREIDING/X6 (Mayo et al., 1990) , compass (MSI, 1998), CVFF (Hagler et al., 1979) , and the force ®elds of Mooij et al. (1999) , of Gavezzotti & Filippini (1995) and of Williams (1994) , were used. Some of these come with charges, and some of these come with intramolecular force-®eld parameters; this is summarized in Table 1 . The effect of the intramolecular terms on the energy-minimized crystal structures was negligible, as was the effect of charges (van de Streek et al., 2002) .
Only the results obtained with DREIDING/X6 will be given here: the results obtained with the other force ®elds were similar. The van der Waals interactions for the DREIDING/X6 force ®eld are given by
where R is the distance between the two atoms, D 0 is the van der Waals well depth, y is a scaling parameter and R 0 is the equilibrium distance. We would like to stress here that our experience has shown that the weak van der Waals interactions and the resulting¯at energy landscape require a comparatively sophisticated energy minimization procedure, especially for the longer chains. The`Smart Minimizer' as implemented in the Cerius 2 program (MSI, 1998) was used; this minimizer uses a sequence of algorithms starting with the robust steepest descent algorithm and ending with a truncated Newton algorithm, implying that second derivatives are used in the ®nal steps of the minimization. The steepest descent algorithm alone was found to be unsatisfactory for long-chain-compound crystal structures. Ewald summation was used for both the van der Waals interactions and, when included, the Coulomb interactions, with the accuracy set to 1 Â 10 À4 kcal mol À1 (1 cal 9 4.19 J). When the alkane chains exceeded a length of 16 carbon atoms, the convergence had to be set to RMS (root mean square) force = 1.0 Â 10 À3 kcal mol À1 A Ê , maximum force = 5.0 Â 10 À3 kcal mol À1 A Ê , ÁE = 1.0 Â 10 À4 kcal mol À1 , RMS displacement = 1.0 Â 10 À5 A Ê , maximum displacement = 5.0 Â 10 À5 A Ê , RMS stress = 1.0 Â 10 À3 GPa, maximum stress = 5.0 Â 10 À3 GPa (the`High Convergence' option in Cerius 2 ). Since the positions of hydrogen atoms are usually ill-determined in X-ray data, they were always placed in calculated positions before a full optimization of the crystal structure was carried out.
Overlapping models of the experimental and the energyminimized crystal structures of n-C 20 H 42 are shown in Fig. 2 (left). It can be seen that current force ®elds do not seem to be capable of reproducing the experimental crystal structure for a class of compounds as simple as the n-alkanes.
The dashed lines in Figs. 3(a) and 3(b) show the energies and densities of the minimized crystal structures. Similar results were obtained with the other force ®elds. The energies presented here are the crystal energies of the energy-minimized crystal structures, including the intramolecular contributions. Subtracting the energy of a molecule in the gas phase (to obtain sublimation enthalpies) would not have changed the relative order of the energies or the point where the lines cross. Not only do the lines fail to cross at or near n-C 26 H 54 , which could be explained by assuming a small error in the interactions of the end groups such that the intercepts are slightly off, but moreover the slopes of the energy curves are such that the T polymorph is calculated to become increasingly more stable as the chain length increases, whereas the opposite is observed experimentally. Furthermore, current force ®elds do not seem capable of reproducing the relative energies of the two crystal structures.
Molecular dynamics
The effect of thermal motion is usually a more or less isotropic increase in the cell parameters a, b and c. This is not supposed to in¯uence the structure greatly, and thermal expansion is incorporated implicitly in force ®elds para- Gavezzotti & Filippini (1995) No No Williams (1994) Yes No ² Inclusion of charges made no difference. meterized against crystal data. The situation might be different for n-alkanes, which exhibit a very anisotropic expansion. An NPT molecular-dynamics simulation was carried out using Cerius 2 (MSI, 1998) to assess the in¯uence of thermal motion explicitly. The homologously isomorphous crystal structure of n-C 12 H 26 was interpolated from the experimentally known crystal structures of the triclinic polymorph as described by Nyburg & Potworowski (1973) and energy minimized. A supercell consisting of 5 Â 5 Â 3 = 75 independent n-C 12 H 26 molecules was built with overall dimensions a = 20.82, b = 22.05, c = 51.22 A Ê , = 83.69, = 67.36, = 78.48 . The system was equilibrated with a time step of 0.001 ps at T = 225 K (T m 9 265 K) and P = 0.0001 GPa. 80 ps were simulated with a time step of 0.0001 ps after equilibration. The DREIDING/X6 force ®eld was used, but for this moleculardynamics simulation the equilibrium CÐH bond length was shortened from 1.09 A Ê to 1.00 A Ê (the effect of this change in the bond length on the minimized crystal structure was negligible). The interaction cut-off was set to 10 A Ê . The calculations took four weeks on three R10000 processors. The average cell parameters during equilibrium were hai = 21.3 AE 0.1, hbi = 22.9 AE 0.1, hci = 52.1 AE 0.2 A Ê , hi = 83.2 AE 0.4, hi = 66.3 AE 0.5, hi = 74.2 AE 0.8 . Fig. 2 (middle) shows a part of the con®guration obtained 5.4 ps after equilibration, superimposed on the interpolated experimental structure.
Figure 2
Comparing the results with DREIDING/X6 at 0 K and at 225 K (Fig. 2) , it can be seen that although the 0 K calculations do not reproduce the crystal structure very well, explicitly including temperature solves this problem.
A new force field
Molecular-dynamics simulations are computationally expensive. A simple van der Waals-only force ®eld would be desirable for a problem as simple as the crystal structure of an n-alkane. Hence, rather than attempting to include temperature explicitly or to add new interaction terms, we tried to derive phenomenologically a van der Waals-only force ®eld which could reproduce the crystal structure of n-C 20 H 42 at room temperature. In particular, the effective size of the atoms should increase because of the thermal motion.
The starting van der Waals parameters were taken from a preliminary set of Mooij et al. (1999) data. Dispersion damping and all electrostatics including polarization were discarded, leaving equation (1). Off-diagonal van der Waals parameters were calculated using the arithmetic combination rule. One van der Waals parameter at a time was slightly changed, after which the experimental structure was minimized with the resulting force ®eld. If the newly minimized structure resembled the experimental structure more closely than the previously minimized structure, the change was kept, and discarded otherwise. This procedure was repeated iteratively for the three parameters for both carbon and hydrogen until no further improvement could be gained. Fig. 2 (right) shows the experimental crystal structure of n-C 20 H 42 and the structure minimized with the new force ®eld. The new force ®eld implicitly incorporates the thermal motion of the n-alkanes, and hence will be named the`Thermal Motion Force Field', or TMFF. The resulting parameters are given in Table 2 .
The TMFF parameters were optimized exclusively against an example of the T polymorph. The in¯uence of TMFF on the M polymorph was established by energy minimization of the crystal structure of the`M' polymorph of polyethylene. The reproduction of the crystal structure of the M polymorph is also improved by using TMFF (Fig. 4) .
The last check remaining is the relative stabilities of the two polymorphs. The solid lines in Fig. 3 show the energies and densities of the crystal structures minimized with TMFF. The transition between the T and the M polymorph is reproduced correctly.
Thus, both crystal structures and the energetics are very well reproduced, using just a simple van der Waals force ®eld.
Discussion
The force-®eld calculations with DREIDING/X6 at 0 K give the correct order of the densities; T is always denser. Moreover, these computational 0 K results agree with the low- temperature experimental results for n-C 28 H 58 as far as the relative stabilities of the T and the M polymorphs are concerned. Apparently the force ®eld performs well for environments with decreased molecular motion (either low temperature or high pressure). According to Kitaigorodskii (1965) , the densest polymorph should have the lowest energy. This rule too is satis®ed by the calculations with DREIDING/ X6 at 0 K. However, the agreement between the minimized crystal structure and the experimental crystal structure, which was solved at room temperature, remains unsatisfactory.
Introducing temperature into the DREIDING/X6 force ®eld by means of molecular dynamics causes substantial changes in the simulated crystal structure of n-C 12 H 26 towards the experimental structure. These changes mainly concern the angle and the orientation of the molecule. The disadvantage of using molecular dynamics is the great demand in computer time. TMFF has the same improved agreement with experiment, but the calculations require just minutes per crystal structure.
The most striking change in the van der Waals parameters between those of Mooij et al. (1999) and TMFF (Table 2) is the increase in the radii of the carbon and the hydrogen atoms. This increase can be related to the experimentally accessible atomic displacement parameters (ADPs), and indeed the ADPs of especially the methyl groups of n-C 20 H 42 are larger than those found in other organic molecular compounds. The ADPs measure the spatial extents of the atoms in the crystal structure and are a measure for e.g. their degree of thermal motion. This links the new force ®eld to the moleculardynamics simulation, and comparing the middle and right diagrams in Fig. 2 shows the clear similarity between the two approaches. It is apparently possible to mimic this dynamic thermal motion by a static increase of the size of the atoms, as indicated schematically in Fig. 5 . More general force ®elds, which have been parameterized against the crystal structures of several families of compounds and not only those of the nalkanes, do not cater for the rather extreme thermal motion observed in n-alkanes.
Although the expansion of the carbon atoms in TMFF seems isotropic, since it was the isotropic van der Waals radius that was increased, the resulting expansion upon energy minimization is in fact very anisotropic. From a molecular mechanics point of view, the two directions perpendicular to the chain are nonbonded interactions and therefore affected by the increase, whereas the direction along the chain is dictated by bonded interactions only and is unaffected by the change in the van der Waals radius. This agrees with the physical reality, as is clear from the anisotropic ADPs of the methyl groups of e.g. n-C 20 H 42 , which are 13.2, 12.8 and 7.4 Â 100 A Ê 2 along a, b and c, respectively (Nyburg & Gerson, 1992) .
The radius of the hydrogen atom is slightly smaller in TMFF than it was in DREIDING/X6. In DREIDING/X6, the hydrogen radius was parameterized on the crystal structure of n-hexane using ®xed values for carbon; if the radius of the carbon atom was slightly too small to reproduce the n-hexane structure accurately, the hydrogen radius might have been assigned a value that is slightly too large to compensate partially for the smaller carbon radius.
Although the new force ®eld was optimized exclusively against the crystal structure of n-C 20 H 42 , other shortcomings in DREIDING/X6 have disappeared as well. Not only did the energy-minimized crystal structures of both the T and the M polymorphs improve, but also, more importantly, the relative stabilities of the T and the M polymorphs are now correct. The transition point is calculated to be near n-C 25 H 52 , while at room temperature n-C 24 H 50 crystallizes as the T polymorph and n-C 28 H 58 crystallizes as the M polymorph. The exact agreement might be fortuitous, but it does show that apparently TMFF energies correspond to calculations at room temperature. An estimate of the van der Waals parameters for other temperatures can be obtained by linear interpolation or extrapolation. Table 2 van der Waals parameters in equation (1) 
Figure 4
Superimpositions of the experimental crystal structure (black) of the`M' polymorph of polyethylene and the same crystal structure minimized (grey) using DREIDING/X6 or TMFF. Top view, along the chains.
Figure 5
Equivalence of small moving atoms and large static atoms. Carbon atoms are shown in black, hydrogen atoms are shown in white. Top view, along the chain.
Note how the densities of these`room-temperature' crystal structures changed accordingly, albeit slightly out of step with the energies: the M polymorphs of n-C 20 H 42 through to n-C 24 H 50 are calculated to be denser than the T polymorphs for the same chain lengths, yet their energies are less favourable. The TMFF densities are lower than those of the structures minimized with DREIDING/X6, as expected. The crystal structures of the n-alkanes being so much closer to experiment, it goes without saying that the calculated density, as a derived property, has equally improved. For example, the experimental density of the M polymorph of n-C 36 H 74 at 293 K is 0.9609 (2) g cm À3 (Vand, 1953) , whereas DREIDING/X6 and TMFF give 1.0023 and 0.9842 g cm À3 , respectively.
From our results we must conclude that at 0 K, the T polymorph is the stable polymorph for all chain lengths. Hence, the M polymorph of even n-alkanes of all chain lengths, including polyethylene, must have a phase transition to the T polymorph upon cooling. Conversely, the T polymorph of even n-alkanes of all chain lengths, including polyethylene, must have a phase transition to the M polymorph upon heating.
The T 3 M transition has never been observed experimentally for a number of reasons. On heating the T polymorph, chain lengths under 24 carbon atoms melt before the transition occurs; for longer chain lengths a rotator phase appears, obscuring the transition. (It could be argued that the movement of the chains in the rotator phase, which is mainly in the ab plane, is nothing but the onset of the phase transition from T to M.) On cooling the M polymorph, the rotation of half of the molecules along their long axes by 90 will be a very dif®cult transition from a kinetical point of view. However, an as yet unexplained transition to a denser phase upon cooling has been found for the M polymorph of n-C 36 H 74 (Cole & Holmes, 1960) . This might be the transition to the T polymorph, but the crystal structure of the new phase was not determined. We suggest that the best route for the observation of the transition is the very slow heating of the T polymorph of n-C 28 H 58 ; we are not aware of any attempts in this direction.
Apart from the obvious application to n-alkanes, calculations showed that TMFF is not generally transferable to other hydrocarbons, let alone other classes of compounds. This is not surprising, as TMFF incorporates the rather extreme thermal motion of n-alkanes, which is not found in other crystal structures. There is, however, one important class of compounds for which TMFF outperforms DREIDING/X6: triacylglycerols. The experimental crystal structure of 1,2,3-trin-dodecanoylglycerol (Gibon et al., 1984) , an example of thè T' polymorph, behaves identically to the n-alkanes upon energy minimization with DREIDING/X6 and TMFF (Fig. 6) . The energy-minimized crystal structure of 1,3-di-n-decanoyl-2-n-dodecanoylglycerol (Van Langevelde et al., 2000) , an example of the`M' polymorph, is also substantially improved when using TMFF as compared with DREIDING/X6 (Fig. 7) . The increased mobility of the atoms in the`M' polymorph has been con®rmed experimentally for triacylglycerols by 2 H NMR studies (Eads et al., 1992) .
Conclusions
Computer simulations suggest that the transition from the T polymorph to the M polymorph on increasing chain length is not caused by the competition of the van der Waals energies of the end groups versus the chains, but by thermal motion. At 0 K, the T polymorph is the stable polymorph for all chain lengths. At higher temperatures, the relative stability of the two polymorphs of even n-alkanes is a function of both chain length and temperature. In general, a crystal structure will try to ®nd a balance between packing as closely as possible so as to maximize the van der Waals energy, and packing as loosely as possible so as to maximize molecular motion.
Figure 6
Superimpositions of the experimental crystal structure (black) of the`T' (= ) polymorph of 10.10.10 and the same crystal structure minimized (grey) using DREIDING/X6 and TMFF. View along the c axis.
Figure 7
Superimpositions of the experimental crystal structure (black) of the`M' (= H ) polymorph of 10.12.10 and the same crystal structure minimized (grey) using DREIDING/X6 and TMFF. View along the b axis.
Our results indicate that electrostatics is not important to reproduce the crystal structures and energies of n-alkanes. van der Waals interactions are suf®cient if thermal motion is taken into account explicitly through the use of molecular dynamics. For calculations on n-alkanes, the special-purpose force TMFF offers a fast alternative to molecular dynamics in cases where it is only the structure of the solid state that is important, e.g. during polymorph predictions, for which thousands of crystal structures have to be optimized. Molecular dynamics are recommended for calculating properties other than the static crystal structure.
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